Chapter 1: Introduction 


1-16) The value g = 9.81 m/s? is specific to the force of gravity on the surface of the 
earth. The universal formula for the force of gravitational attraction is: 


mm 
Fag n 


r2 


Where m; and mzare the masses of the two objects, r is the distance between the 
centers of the two objects, and G is the universal gravitation constant, 
G = 6.674 x 101! N(m/kg)’. 


A) Research the diameters and masses of the Earth and Jupiter. 


B) Demonstrate that F = m(9.81 m/s’) is a valid relationship on the surface of the 
earth. 


C) Determine the force of gravity acting on a 1000 kg satellite that is 2000 miles 
above the surface of the Earth. 


D) One of the authors of this book has a mass of 200 Ibm. If he was on the surface 
of Jupiter, what gravitational force in lbf would be acting on him? 


Solution: 

A) Measurements obtained from different sources will vary slightly. 
Dearth~ 12,742 km Dhupiter~ 142,000 km 
MasSearth= 5.97 x 1074*kg  MaSSjupit= 1.90 x 10?’ kg 


B) MasSeartn= 5.97 x 10°*kg Radiusgartn= 6.371 x 10° meters 


pec 2s 72 (6 674 x 107-11 Nme ) Ses Gaz) 
= r2 = Mobject |9- kg? /(6.37x106 m)? \ (1 N) 


m 
> F= m(9.81-7) 


C) 2000 miles = 3218.68 km = 3218680 m 


2 24 
F = 1000kg (6.674 x 1071 E )—— E t2 ___ = 4348 N 


kg? / (6371000m+3218680m )? 
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D) Radiusyupiter= 66854000 m Massjupite= 1.898 x 1077 kg 200lbm = 90.7 kg 


= 2281N 


kgm 
Nm’ ) (1.90 x 1077kg) | \Sec2 


F = 90.7 kg( 6.674 x 1071! ee 
e( ü ke? | (710x10 m)2\ (N) 


1-17) A gas at T=300 K and P=1 bar is contained in a rigid, rectangular vessel that is 2 
meters long, 1 meter wide and 1 meter deep. How much force does the gas exert on 
the walls of the container? 


Solution: 
1 Bar = 100,000 Pa 
Areasyrface = (2X WXH)+(2XWXL)+(2XH XL) 


Force = Pressure x Area 
Force = (100000Pa)(2 x 1m x 1m + 2 x 1m x 2m + 2 x 1m x 2m) | == 


Force = 1 x 10°N 


1-18) A car weighs 3000 Ibm, and is travelling 60 mph when it has to make an emergency 
stop. The car comes to a stop 5 seconds after the brakes are applied. 


A) Assuming the rate of deceleration is constant, what force is required? 
B) Assuming the rate of deceleration is constant, how much distance is covered 
before the car comes to a stop? 


Solution: 
; h 5280f f 
A) Force = mass x acceleration 60mph ( == ) ( — *) = 88— 
3600sec 1mile sec 
velocityfina) — Velocityinitial 
Acceleration = #22 
time 
ft 
88 aa. 0 
a = + 
5 sec 
ft 
a = 17.6—, 
sec 
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Force = 17.6 z X 3000lbm 
sec 
lbmft 
Force = 52500 7 
sec 
e leration»time? : l sie 
B) Positiongna) = ee velocityjnital X time + positionjntial 


2 


(-17.65) (5sec)? 


Positionginal = + (88 —) (5sec) + 0 


2 


Positionginal = 220 ft 


1-19) Solar panels are installed on a rectangular flat roof. The roof is 15 feet by 30 feet, 
and the mass of the panels and framing is 900 Ibm. 


A) Assuming the weight of the panels is evenly distributed over the roof, how much 
pressure does the solar panel array place on the roof? 

B) The density of fallen snow varies; here assume its ~30% of the density of liquid 
water. Estimate the total pressure on the roof if 4 inches of snow fall on top of the 
solar panels. 


Solution: 


Force 


A) Pressure = Area = Length x Width Force = Mass x Acceleration 


Area 


(9001bm) (32.2 f) Lb, 


Pressure = sec*/[ _ f __ 
(15ft)(30ft) Ib ft 
32.2 5 
sec 
p =3 Ib; 
ressure = TE 
. Ibm Ibm 
B) Densitysnow = (30%)63.3 => = 19.075 


Forcesnow = Volumegnow X DensitYsnow X gravity 


Forcesnow + Forcepanels 
Pressure = ————________— 
Area 


4inches = 0.333ft 
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Pressure 
CIS (32.2 5) + ((15ft) (30ft) (0.333ft)) (19.0 Pu) (32.2 £ i 
~ (15ft) (30ft) gz bni 
sec? 
Pressure = 8.33 lb; 
ft? 


1-20) A box has a mass of 20 kg, and a building has a height of 15 meters. 


A) Find the force of gravity acting on the box. 

B) Find the work required to lift the box from the ground to the roof of the 
building. 

C) Find the potential energy of the box when it is on the roof of the building. 

D) If the box is dropped off the roof of the building, find the kinetic energy and 
velocity of the box when it hits the ground. 


Solution: 


A) Force = (20kg) (9.81 5) = 196.2 N 


B) Work = Force x Distance 
Work = (196.2N)(15m) = 2943Nm = 2943 J 


C) Potential Energy = Mass x Height x Gravity 
m 
Potential Energy = (20kg)(15m) (9.81—5) = 2943Nm = 2943] 


D) We know that Energy is conserved, so if the box is dropped from a height of 15 
meters, its Kinetic Energy at Height = 0 meters will be the same as its potential energy at 
Height = 15 meters. 

Kinetic Energy = 2943Nm 
To find the object’s velocity as it hits the ground: 


Kinetic Energy = (5) Mass x Velocity? 


2943Nm = (=) (20kg) x V? 


kg m 
NM\ / ec? m? 
(294.3 —) = 294.3 =V? 
kg 1N sec? 
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m 
V = 17.16 — 
sec 


1-21) 100 kg of steam is enclosed in a piston-cylinder device, initially at 300°C and 5 
bar. It expands and cools to 200°C and 1 bar. 


A) What is the change in internal energy of the steam in this process? 

B) Ifthe external pressure is constant at 1 bar, how much work was done by the 
steam on the surroundings? 

C) Research and briefly describe at least two examples of machines, either historical 
or currently in use, that harness the energy in steam and convert it into work. Any 
form of work is acceptable; you needn’t confine your research to expansion work 
(which was examined in parts A and B). 


Initial State Final State 


Tı = 300°C T2 = 200°C 


P,=5 bar P,=1 bar 


Solution: 
Define the gas as the system. 


A) From steam tables: 


1= a 
7 l 8 


So AU = M(0, — 0,) = (100 kg) (2658.2 — 2803.2 E) = —14,500 kJ 
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B) From steam tables: 


3 


V. = 0.5226 — 

Im * kg 
V. = 2.1724 m 
oe kg 


Thus the gas expands, and work is described by equation 1.22: 
Wec = = Í PdV 


Pressure opposing the motion is constant at 1 bar, so: 


Wgc = —P (V; — V1) = —MP (Ù; —V;) 


N 
Wec = —(100 kg)(1 bar) | 2.1724 — 0.5226 | ae) ai (=) (sear ) 
n= OPEN kgj \ bar Pa }\Nm/\1000J 


= —16,498 kJ 


The negative sign indicates work is transferred from gas to the surroundings. 


C) Steam power is still used in electrical generators that run on the Rankine cycle with 
water as the operating fluid. Historically, steam engines have been used to power 
systems like pumps, boats, trains, sawmills etc. The common feature in these 
machines is they require shaft work that can be supplied by steam turbines. 


1-22) A) An object is dropped from a height of 20 feet off the ground. What is its 
velocity when it hits the ground? 

B) Instead of being dropped, the object is thrown down, such that when it is 20 feet 
off the ground, it already has an initial velocity of 20 ft/sec straight down. What 
is its velocity when it hits the ground? 

C) What did you assume in answering questions A and B? Give at least three 
examples of objects for which your assumptions are very good, and at least one 
example of an object for which your assumptions would fail badly. 
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Solution: 
A) Oe 
Ba 
Energy is conserved, so APE + AKE =0: i v=ofs |} 
A 2 
mgAz + mY=0 
2 
Av? 
=z 
5 & 


22" aop) = 35.9 ft/s 


) Closed System 


--=. 


2 
R aa =0 
2 
pie =0 
v v? 
a 3 = (z,-z,) 


v, = 2g(z,-2,)+¥) 


v = /2(32.2 fi/s?)(20 fi) + (20)? fi2/s? =41.1 ft/s 


C) Air resistance was ignored. This is reasonable for most objects, but wouldn’t work for 
something with a high surface area to mass ratio, such as a piece of paper or a feather. 
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1-23) An airplane is 20,000 feet above the ground when a 100 kg object is dropped from 
it. If there were no such thing as air resistance, what would the vertical velocity and 
kinetic energy of the dropped object be when it hits the ground? 


Solution: 


Energy is conserved, so APE + AKE =0: 


2 
mgAz + ne =0 
2 
Av? 
=-ghz 
a. 
0.5(v3 v2 )= g(z, Ži )v, =0,z, =0 
V, = (292, 
v = Je =A] ft) =1135 ft/s 
S 
2 2 
per- (100kg)(1135 ft/s)? { 0.3048m IN (=) ee 
2 2 lft lkgm/s* \ Nm 


K.E. = 5.984x10° J 


1-24) A filtration system continuously removes water from a swimming pool, passes the 
water through filters and then returns it to the pool. Both pipes are located near the 
surface of the water. The flow rate is 15 gallons per minute. The water entering the pump 
is at 0 psig, and the water leaving the pump is at 10 psig. 


A) The diameter of the pipe that leaves the pump is 1 inch. How much flow work is 
done by the water as it leaves the pump and enters the pipe? 

B) The water returns to the pool through an opening that is 1.5 inches in diameter, 
located at the surface of the water, where the pressure is 1 atm. How much work 
is done by the water as it leaves the pipe and enters the pool? 

C) “The system” consists of the water in the pump and in the pipes that transport 
water between the pump and the pool. Is the system at steady state, equilibrium, 
both, or neither? 


Solution: 
A) Workgow = Pressure x Volume 


Convert gauge pressure into absolute. 
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; Ibe gal ft? in? ft Ibẹ 
Workpow = (14.7 + 10 —) (15 =.) 0.1337 — | | 144] = 7133 
in? min t2 n 


gal fi 


B) Workflow = Pressure x Volume 
7 lbf 


Workgow = (lat )(15 en 0.1337 Ë LAT n? aa = 4245 a4 ft lbs 
i ee min/ (` gal latm ftJ ' n 


C) Based upon the problem description, it might appear that this system is operating at 
steady state; the parameters of the system (flow rates, pressures) as described do not 
change with time. However, if the filter system is working as described, then the water 
coming in is dirty and the water leaving the filtration system is cleaner, and anything that 
is removed from the water is accumulating in the filter. If mass is accumulating in the 
system then it is not at steady state. 


The system is not at equilibrium with the surroundings because the conditions of the 
liquid leaving the pipe (~10 psig) are significantly different from the water at the surface 
of the pool (~0 psig); there is a significant pressure difference between the system and the 
surroundings at this point. 


1-25) The Reaumur temperature scale, while now obscure, was once in common use in 
some parts of the world. The normal freezing point of water is defined as 0 degrees 
Reaumur and the normal boiling point of water is defined as 80 degrees Reaumur. 
Tolstoy’s War and Peace mentions the temperature “minus 20 degrees Reaumur.” What 
is this in Celsius, Fahrenheit, Kelvin and Rankine? 


Solution: 


The interval between the freezing and boiling points of water is 80° Reaumur, 100° 
Celsius and 180°F. Consequently, one degree Reaumur is equal in magnitude to 1.25 
(100/80) degrees Celsius or 2.25 degrees Fahrenheit. 


0° Reaumur is equivalent to 0°C, 32°F, 273 K or 492 Rankine. 
—20 Reaumur (1.25) = —25°C 

—20 Reaumur(2.25) + 32 = —13°F 

—20 Reaumur(2.25) + 492 = 447 Rankine 


5 
—20 Reaumur (=) + 273 = 248 Kelvin 
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1-26) The furlong is a unit of length, equal to one-eighth of a mile, which today is most 
commonly associated with horse racing. The fathom is a unit of length, equal to six feet, 
which is most commonly associated with measuring the depth of water. 


A) The Kentucky Derby is a 10-furlong race. If a horse finishes in exactly two 
minutes, what is the horse’s average velocity in meters per second? In miles per 
hour? 

B) A fishing supply store sells lines that are 20 fathoms long. How many meters is 
this? 

C) A treasure chest weighs 100 Ibm, and is raised to the surface from a depth of 500 
fathoms. If gravity is the only force opposing the motion, how much work was 
required, in Joules? 


Solution: 
A) Velocity = — 
Jaws (= rong) ( 1 mile \(- | C= =) 1m ) Sig go 
ee aa 2 min 8 furlongs/ \ 60s / \ 1 mile / \3.2808 ft) ` s 
oars (= rong) ( 1 mile le an) _ miles 
oo 2 min 8 furlongs/ \ 1 hour/ hour 


B) (20 fathoms) ( = )( = ) = 36.56 meters 


1 fathom 3.2808 ft. 


C) Work = Force x Distance = Mass xX Acceleration x Distance 


Work = (1001bm) (32.2- 500fath -o ee 
a=. al EN aonn) (ra) p n 
sec? 


= 300000 ft lb; 


1.3558J 


Work = (300000 ft Ibe) (a 


) = 406,740 J ~ 407,000 Joules 
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1-27) Calorie (energy) and horsepower (power) are two non-SI units that you might see 
on occasion. 


A) Death Valley National Park contains a region that is rich in borax. In the 19" 
century, borax was harvested and shipped on wagons pulled by 20-mule teams. 
Estimate the power driving these wagons, in Watts, using the assumption that a 
20-mule team provides 20 horsepower. 

B) A stove produces 10,000 calories of heat. What is this in Joules? In BTU? 

C) An engine produces 100,000 calories of work in 1 minute. What is the power of 
the engine in horsepower, and in Watts? 


Solution: 


A) (20 Mulepower) =) =) = 14914.2 W 


1Mulepower/ \0.001341 hp 


1 
0.23901 cal 


B) (10000 cal) ( ) = 41839.2 J 


0.0009486 BTU 


(10,000 ca) ( 0.23901 cal 


) = 39.7 BTU 


©) ae) (sae) (=) (=) TOAN 


sec 


(aa ( 1J 5 1W — Hp 


0.23901cal/ \60sec J 1W 
sec 


1min ) Eii 


1-28) Use the data in the steam tables to answer the following: 


A) Find the change in internal energy when 100 kg of steam at constant pressure P=1 
bar has its temperature reduced from 300°C to 100°C. 

B) Find the change in internal energy when 100 kg of liquid water at constant 
pressure P=200 bar has its temperature increased from 240°C to 300°C. 

C) Energy was transferred from the system in part A, and energy was transferred to 
the system in part B. What form would you expect these energy transfers took? 

D) Your answers to parts A and B should be similar in magnitude, though different in 
sign. Would it be possible to accomplish both of the processes in parts A and B 
simultaneously, by taking most of the energy that was removed from the steam 
described in part A and transferring it to the liquid water described in part B? 
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Solution: 

A) 

AU = Mass(U, — U;) 

Steam at 100°C and 1 bar > 2506.29 


Steam at 300°C and 1 bar > 2810.62 


k k 
AU = (100kg) (2506.27 — 2810.6 =) = —30,440kJ 
kg kg 


B) 
AU = Mass(U, — U;) 
Water at 300°C and 200 bar > 1307.22 


Water at 240°C and 200 bar > 1016.15 


k k 
AU = (100kg) (1307.22 — 1016.1 =) = 29110kJ 
kg kg 


C) The large temperature changes can be accomplished largely or entirely with heat 
transfers. In part A, some work would also be transferred if for example this process 
was occurring in a closed system; since the temperature of the gas is changing at 
constant pressure the volume must also be changing. The change in volume of the 
liquid in part B, however, is likely negligible. 


D) No, because heat transfer requires a temperature driving force. The steam cools all the 
way to 100°C, and there is no way it can transfer heat to the liquid after it has fallen 
below 240°C. 


1-29) A balloon is inflated from a negligible initial volume to a final volume of 200 cm’. 
How much work is done by the balloon on the surroundings if the pressure opposing the 
expansion is: 


A) P=1 bar 
B) P=0.5 bar 
C) P=0 bar 
D) P=3 bar 


E) Can you think of locations where each of the “surroundings” pressures given 
in parts A-D would be realistic? 
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Solution: 
By equation 1.22: 
V final 
Wec = -Í PdV 
Vinit 
In all four cases P is constant and Vinit=0, so: 
Wee = —P (Vfinai — Vinit) = —PVfinal 
A) Wec = —(1 bar)(200 cm?) = —200 bar - cm? 


While this is an acceptable answer, it would most conventionally be converted to —20 
Joules. Similarly: 


B) Wec = —(0.5 bar)(200 cm?) = —200 bar - cm? = —10 Joules 
C) Wee = —(0)(200 cm?) = 0 
D) Wzec = —(3 bar)(200 cm?) = —600 bar - cm? = —60 Joules 


E) 1 bar is slightly less than 1 atm, so it is a very plausible ambient pressure. A 
balloon expanding in the vacuum of space would have essentially no opposing 
pressure and do essentially no work. 0.5 bar is the atmospheric pressure 
approximately 6000 meters, or approximately 20,000 feet, above sea level. 3 bar 
is the pressure in the ocean at a depth of approximately 66 feet, or 20 meters. 


1-30) “The system” is a large ship and everything inside it. The ship turns off its engines, 
and is floating in the ocean. No material enters or leaves the ship during the process. 
Some descriptions of this situation are given below. For each, indicate whether it is true 
or false, and explain why. 


A) The system is not at equilibrium, because equilibrium implies no external forces 
are acting on the system and the ship has forces acting upon it. The system is at 
steady state, however, because the forces acting upon it are balanced. 


This statement is false. The representation of equilibrium is wrong. Equilibrium does 
not mean there are “no external forces acting on it,” equilibrium means that all forces 
(and temperatures, etc.) are balanced such that there is no driving force for change. 


B) The system is not at equilibrium, because the force of gravity is acting upon the 
ship but there is no upward force balancing the downward force of gravity. 
However, the system is at steady state, because it is not moving. 


This statement is false. It is true that the force of gravity is acting downward, but the “no 
upward force” part of the statement is incorrect; the buoyant force of the water is acting 
upward and balancing the force of gravity. The description of steady-state is ok. 
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C) The system is both at equilibrium and at steady state, because the ship is not 
moving, and there is no driving force for motion: the forces acting upon it balance 
each other and there is no driving force for change. 


This statement is true as far as we know. The position of the ship isn’t changing and 
there are no forces acting on the ship that would cause it to move. Nothing is entering or 
leaving the ship so the mass of the system isn’t changing. Thus, the information that we 
have is consistent with both equilibrium and steady-state. Notice however that only the 
position of the ship and the fact that it is a closed system are discussed, there is no 
mention of temperature. If the ship and the surroundings are at different temperatures, 
then there is no thermal equilibrium. If the ship’s temperature is increasing or decreasing, 
then it is not at steady-state. 


D) The system is neither at equilibrium nor at steady state, because no object in the 
ocean is perfectly motionless. The ship bobs up and down with the waves, and 
likely drifts in a horizontal direction due to currents. If the position of the system 
is changing, it can’t be at steady state or equilibrium. 


This statement is literally correct. If an object is bobbing up and down with the waves 
then it is not perfectly motionless relative to the earth, so its velocity and height are 
constantly undergoing small changes. It is, however, quite likely that modeling the ship as 
“at equilibrium” and “at steady state” would be reasonable. Ultimately, the question you 
would have to ask yourself is whether the ship bobbing up and down is a significant 
amount of motion in the context of whatever problem you are trying to solve. 


1-31) “The system” is a large ship and its contents. The inside of the ship and the air 
outside the ship are at the same temperature. The ship is sailing north at a constant speed 
of 20 knots. The engines are powered by burning liquid fuel, and the gaseous by-products 
(primarily carbon dioxide and water) are vented to the atmosphere, but nothing else 
enters or leaves the system. Some descriptions of this situation are given below. For each, 
indicate whether it is true or false, and explain why. 


A) The system is at steady state, because its velocity is constant. However, it is not at 
equilibrium- the fact that the ship is moving indicates that the forces are not 
balanced. 


This statement is false. For a system to be at steady state, ALL properties of the system 
must be constant with respect to time. Here the velocity is constant but the mass of the 
system is changing. 


B) The system is not at steady state, because the amount of fuel inside the system is 
changing. However, the system is at equilibrium, because it is at the same 
temperature as the surroundings; there is no driving force for heat transfer. 


This statement is false. The description of “steady state” is ok, but the description of 
equilibrium is incomplete. The temperatures are balanced, so there is thermal 
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equilibrium. The velocity of the ship is constant, so we could say it is in mechanical 
equilibrium, reasoning that “the velocity is constant, therefore there is no acceleration, 
and therefore the forces are balanced.” However, there is clearly no chemical 
equilibrium. Inside the system there is a combustion reaction going on, in which liquids 
are turning into gases and these gases are being expelled from the system. We won’t 
actually study chemical reaction equilibrium quantitatively until chapter 14, but we 
should recognize chemical reactions, melting, evaporation etc., as changes that are caused 
by chemical driving forces. 


C) The system is neither at equilibrium nor at steady state. 
This statement is true. See the answers to A and B. 


D) The system is adiabatic, because there is no temperature driving force that would 
cause heat transfer to occur. 


This statement is true. As long as the system and surroundings temperatures are equal to 
each other there is no heat transfer. 


E) The system is an isolated system, because nothing is entering it and there is no 
heat transfer. 


This statement is false. An isolated system would have nothing entering or exiting; here 
there is material exiting. 


1-32) You are collecting data from the literature on a compound, for which you need to 
know the specific internal energy at a number of different states. You’ve found some data 
from three different sources, but they each use different reference states and the units 
aren’t uniform either. The data is shown in the table below. Fill in all of the empty cells 
in the table, so that you have correct values of U for all seven conditions (A-G) at all 
three reference states. 


State | Phase T(°C) | P(bar) | G, Source 1 | O, Source 2 U, Source 3 
A Solid 17 1 0 

B Liquid 17 1 —18.0 J/g 20,470 ft-lbs/lbm 

C Liquid 25 1 0 

D Liquid 82 1 102,970 ft-lb/lbm | 0 

E Vapor 82 1 67.0 J/g 

F Vapor 100 1.33 136.0 J/g 
G Liquid 100 1.33 37.0 J/g 


Solution: 


A much-used conversion factor in this problem is: 
ej EA 1 lby ( 1ft ) 
g \ g/\ 1lbm J 4.448 N }\0.3048 m 
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ie a 


1 4 =334.6 
g 

From source 2: 
7 p i = _ J 
G.=0,= (20, 470 T) = 61.2 
Applying this result to source 1: 
Üs — 0, = 61.2 A and U0, = —18.0 Zso 0, = -79.2 : 
From source 1: 


0. —O, =184= 6022 HL 


Applying this result to source 2: 


Üc — Op = 6022 © 2 and 0, = —20, 470 2E so Oc = -26,490 © ae 

From source 2: 

ee t- Ib t- lb 

0, — Õe = 102,970 — 26,490 ae 76,480 fet ogg 
[Dm [Dm g 


Applying this result to source 1: 
Oy — 0, = 228.6 7 and U; = 0 so Uy = 228.6 A 


We now know U for state D relative to all three reference states. Notice that Source 1 and 
Source 3 used the same units, but U is 228.6 J/g higher on the reference state used in 
Source |. This means the values from Source 1 at all states will be 228.6 J/g higher than 
the values for Source 3. At this point, U is known for either Source 1 or Source 3 for 
every state, so both columns can now be completed. 


From Source 3: 


0, — Dp = 67.0 Ż = 22,420 at 


0.20; S4260 Z = 45,500 mar 


0; — Ūp = 37.0 Z = 12,380 ae 


Applying these to Source 2, using the fact that Up = 102,970 Dai , allows us to 


complete the table. The completed table, with calculated answers in bold, is below. 
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State | Phase T(°C) |P(bar) | OG, Source 1 | U, Source 2 | U, Source 3 

A Solid 17 1 —79.2 J/g 0 —307.8 J/g 

B Liquid 17 1 —18.0 J/g 20,470 246.6 J/g 
ft-lb¢/lbm 

C Liquid 25 1 0 26,490 —228.6 J/g 
ft-Ibt/lbm 

D Liquid |82 i 228.6 J/g | 102,970 | 0 
ft-Ib¢/lbm 

E Vapor 82 1 295.6 J/g | 125,390 | 67.0 J/g 
ft-Ibs/Ibm 

F Vapor 100 1.33 364.6 J/g 148,470 136.0 J/g 
ft-Ib¢/Ibm 

G Liquid 100 1.33 265.6 J/g 115,350 37.0 J/g 
ft-Ibs/Ibm 

17 
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Chapter 2: The Physical Properties of 
Pure Compounds 


2-10) The boiler is an important unit operation in the Rankine cycle. This problem further 
explores the phenomenon of “boiling.” 


A) When you are heating water on your stove, before the water reaches 100°C, you 
see little bubbles of gas forming. What is that, and why does that happen? 

B) Is it possible to make water boil at below 100°C? If so, how? 

C) What is the difference between “evaporation” and “boiling?” 


Solution: 


A) The small bubbles that form on the bottom of the pot are dissolved air. As temperature 
goes up, air becomes less soluble in water. Since the water right next to the bottom is 
hottest, the bubbles usually appear to be coming from particular spots at or near the 
bottom. Full boil occurs when the temperature of the entire liquid body reaches 100°C. 


B) It is possible to make water boil below 100°C by lowering the pressure of the 
surroundings. Water boils at a specific pressure or temperature; if you change the 
pressure, the boiling temperature also changes. A temperature of less than 100°C requires 
a pressure less than 1 atm to boil. 


C) Evaporation only occurs on the surface of the liquid, but boiling occurs throughout the 
bulk of the liquid. Another way of thinking of it is that evaporation can only occur if 
there is already a vapor phase above the liquid (such as the air above an open pot of water 
on the stove). When a liquid boils, bubbles of vapor form inside the bulk of the liquid; a 
“new” vapor phase can be created. 


Boiling happens when the liquid atoms become so energized that they can overcome the 
intermolecular forces holding them together which allows them to leave the liquid phase. 
Evaporation occurs because not all atoms in the liquid are moving at the same speed; 
even if the average molecular energy isn’t sufficient for boiling, the fastest moving 
particles can overcome intermolecular forces binding them to their nearest neighbors and 
escape into the vapor phase. Further, atoms in the bulk of liquid experience 
intermolecular forces from all around them. Atoms at a surface feel forces only from the 
atoms beneath them. This allows the surface atoms to escape into the vapor phase more 
readily. 


As a specific example, consider water at 25°C. We know from everyday experience that 
this water can evaporate into the air above it; we have seen puddles of water evaporate at 
ambient temperature. However, a closed container of pure water is all in the liquid phase 
at 25°C and 1 atm; the water cannot evaporate unless there is a vapor phase (air) for it to 
evaporate into. Water at 25°C will not boil unless the pressure is lowered all the way to 
3.17 kPa. 
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2-11) 10 mol/s of gas flow through a turbine. Find the change in enthalpy that the gas 
experiences: 


A) The gas is steam, with an inlet temperature and pressure T=600° and P=10 bar, 
and an outlet temperature and pressure T=400°C and P=1 bar. Use the steam tables. 
B) The gas is steam, with the same inlet and outlet conditions as in part A. Model the 
steam as an ideal gas using the value of C A given in Appendix D. 

C) The gas is nitrogen, with an inlet temperature and pressure of 7=300 K and P=10 
bar, and an outlet temperature and pressure T=200 K and P=1 bar. Use Figure 2-3. 

D) The gas is nitrogen with the same inlet and outlet conditions as in part C. Model 
the nitrogen as an ideal gas using the value of C A given in Appendix D. 

E) Compare the answers to A and B, and the answers to C and D. Comment on 
whether they are significantly different from each other, and if so, why. 


Solution: 
A) Using the steam tables; 


Steam at 600°C and 10 bar > 3698.6 5 


Steam at 400°C and 1 bar > 3278.65 


f f ~ 3278.62 3698.60. = 420 0 
out in — 7 kg $ kg È kg 
B) dH = CpdT 

P 


C 
T = A+ BT + CT? + DT? + ET* 


dH = (RA + RBT + RCT? + RDT? + RET*)dT 


out out 
Í dH = [ (RA + RBT + RCT? + RDT? + RET*)dT 

in in 

RB RC 
(Hout > Hin) = RA (Tout a Tin) + a (Tear = Tin) + a (Tee = T; *) 
RD RE 
+ 4 (Tai = Ta) + E Te A Tin’) 

Tout = 673K 


Tin = 873K 
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Name Formula | A Bx10° | Cx10° | Dx10° Ex10™ 

Water H2O 4.395 |—4.186 | 1.405  |-—1.564 0.632 
kJ 

(Hout — Hin) = (8.314 z] {(4.395) (673K — 873K) 


1 

+ z (74-186 x 1073)(673K? — 873K?) 
1 

+ 3 (1.405 x 107) (673K? — 873K?) 
1 

+ z (71564 x 1078)(673K4 — 873K*) 


i 
+ = (6.32 x 10-1?) (673K — 873K5)} 


(H Hin) = —7702 ai (=) = 427.419 
Sout ~ Sin} = kmol \18.02 kg/ ~ kg 


C) Based on Figure 2-3: 
Nitrogen at 300 K and 10 bar 34595 


Nitrogen at 200 K and 1 bar 33578 


H H,, = 357 K 459 a 102 kJ 
out in == kg kg — kg 

D) dH = CpdT 

o A+BT+CT? + DT? + ET* 


dH = (RA + RBT + RCT? + RDT? + RET*)dT 


out out 
Í dH = Í (RA + RBT + RCT? + RDT? + RET*)dT 
in in 


RB RC 
(Hout D Hin) = RA (Tout = Tin) + 2 Chg = Tn) + 3 (Tout = Tin’) 
RD RE 
+ 4 (Tout — Tin’) + 5 (Te = Ta) 


Tout = 200 K 
Tin = 300 K 
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Name Formula | A Bx10° | Cx10° | Dx10® =| Ex10"! 

Nitrogen _ | Np 3.539 |-0.261 10.007 | 0.157 ~0.099 
kJ 

(Hout — Hin) = (8314. —_) {(3.539)(200 K — 300 K) 


1 
+5 (~2.61 x 1074)(200 K? — 300 K?) 


1 
+ 3 (7.00 x 107*)(200 K? — 300 K?) 


1 
+ 7 (1.57 x 107°)(200 K* — 300 K*) 


i 
+ = (9.9 x 107+) (200 Kë — 300 K5)} 


k 
(Hout — Hin) = -2909 —( 


kmol ) kJ 
kmol 


28.02kg) Aie 


E) The answers from parts a and b differ by ~7 kJ/kg, the answers from parts c and d by 
~2 kJ/kg. In both cases the percent error is ~1.7%. Whether this is an acceptable level of 
error depends upon the application. The differences are attributable to the fact that the 
ideal gas model is an approximation that is best at low pressure, and these processes 
included pressures up to 10 bar. 


2-12) Using data from the steam tables in Appendix A, estimate the constant pressure 
heat capacity of superheated steam at 350 kPa, 200°C and at 700 kPa, 200°C. Are the 
answers very different from each other? (Note: You may need to use the “limit” 
definition of the derivative to help you get started.) 


Solution: 


There is no entry in the steam tables at 350 kPa (3.5 bar). Interpolation between the data 
at 3 and 4 bar, and 200 °C, can be used to find the specific enthalpy at 3.5 bar and 200 °C. 
But what we actually seek is the change in specific enthalpy, so we will instead look at 
the temperatures above and below 200 °C. 


Steam at 350 kPa and 150°C Interpolation Needed 


Interpolate 
E E 1 2 
y= Wo Ty) Xa) yı Enthalpy (y) | 2761.2 | 22? | 2752.8 
(x2 = x1) Pressure (x) 3 3.5 4 
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_ (2752.8 — 2761.2)(3.5 — 3) + 2761.2 = 2757.0! 
= a3) © K8 


Steam at 350 kPa and 250°C Interpolation Needed 


Interpolate 
1 2 
— xX—X 
ee). yı Enthalpy (y) | 2967.9 | ??? | 2964.5 
(X2 — x1) Pressure (x) 3 3.5 4 
B (2964.5 — 2967.9)(3.5 — 3) + 2967.9 = 2966.2 kJ 
= (4-3) kg 


Constant pressure heat capacity (Cp) can be estimated as 


kJ kJ 
2966.2 — — 2757.0 = 
C go Re 95 KJ 
P AT 250°C — 150°C oe" kg°C 


If we attempt to apply a directly analogous procedure at 700 kPa (7 bar) there is a 
complication: 


Water at 700 kPa and 150°C Liquid 
Since these two intensive properties do not yield a vapor, we must use the enthalpy of 
saturated vapor at 700 kPa. This temperature is 164.9°C 


Steam at 700 kPa and 164.9°C 42762.8 = 


Steam at 700 kPa and 250°C Interpolation Needed 


Interpolate 
1 2 
= Xx—X 
y= Vye 78) +y Enthalpy (y) 2957.6 27? | 2950.4 
(x2 — x1) Pressure (x) 6 7 8 
_ (2950.4 — 2957.6)(7 — 6) P EE kJ 
Y= (8-6) > kg 
kJ kJ 
o AHL 2954.0 pg — 2762.8 pg seu 
P AT -250°C— 164.990 72" kg°C 
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These answers are fairly similar, but different enough to demonstrate that Cp can in 
reality be a function of pressure as well as temperature. This is why the distinction 
between “ideal gas heat capacity” and simply “heat capacity” is important; ideal gas heat 
capacity is only a function of temperature. 


Conceptually, we could get more accurate estimates of Cp by using values of A that were 
closer to the actual temperature of interest; e.g., 190 and 210°C instead of 150 and 250 
°C. But that data is not included in the available version of the steam table. 


2-13) The specific enthalpy of liquid water at typical ambient conditions, like T=25°C 
and P=1 bar, is not given in the steam tables. However, the specific enthalpy of saturated 
liquid at P=1 bar is given. 


A) Using the approximation that C, for liquid water is constant at 4.19 J/g-K, 
estimate the specific enthalpy of liquid water at T=25°C and P=1 bar. 

B) Compare the answer you obtained in part A to the specific enthalpy of saturated 
liquid water at T=25°C. 


Solution: 
A) Saturated liquid at 1 bar (99.6°C) > 417.508 
25°C 
Aasec = Alo9.6°c +f CpdT 
99.6°C 


fi... = Ls) J) (25°C — 99.6°C) = us 
fsc = 417.52 + (419-5) (25°C — 99.6°C) = 104.43 (E) 


Note: A change in temperature in degrees Celsius is identical to a change in temperature 
in degrees Kelvin. The equation above involves only the change in temperature (AT = 
—74.6°C). Conversion to degrees Kelvin would be necessary if the temperature appeared 
in the equation as an absolute quantity, rather than a change in T. 


Note: 1 J/g = 1 kJ/kg 
oo. kJ 
B) Saturated liquid at 25°C (0.0317 bar) > 104.8 (=) 


This value and our answer from part a) are very close. This illustrates that the pressure of 
a liquid does not have much influence on its enthalpy, at least over a small P interval like 
1 bar vs. 0.0317 bar. 
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2-14) This problem is an expansion of Example 2-3. The table below lists 10 sets of 
conditions—S temperatures at a constant P, and five pressures at a constant T. For each T 
and P, find: 


e The specific volume of steam, from the steam tables 
e The specific volume of steam, from the ideal gas law 


Comment on the results. Under what circumstances does departure from ideal gas 
behavior increase? 


Temperature | Pressure 


200°C 5 bar 
300°C 5 bar 
400°C 5 bar 
500°C 5 bar 


1000°C 5 bar 
250°C 0.1 bar 
250°C 1 bar 
250°C 5 bar 
250°C 10 bar 
250°C 25 bar 


Solution: 


Here we will display the calculations and reasoning behind the first set of conditions 


(bolded values): 
Specific Volume (H20) 
Steam 
Temperature | Pressure Tables ae ) % Difference 
(m’/kg) : 
200°C 5 bar 0.425 0.437 2.82 
300°C 5 bar 0.523 0.529 1.15 
400°C 5 bar 0.617 0.621 0.65 
500°C 5 bar 0.711 0.713 0.28 
1000°C 5 bar 1.175 1.175 0.00 
250°C 0.1 bar 24.136 24.132 —0.02 
250°C 1 bar 2.406 2.413 0.29 
250°C 5 bar 0.474 0.483 1.90 
250°C 10 bar 0.233 0.241 3.43 
250°C 25 bar 0.087 0.097 11.49 
25 


© 2015 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 
https://gioumeh.com/product/fundamentals-—of-—chemical-engineering-thermodynamics-solution/ 


3 
(From Steam tables) Steam at 200°C and 5 bar 30.425 = 
(From Ideal Gas Law) 


PV=nRT> V=— 


Latm 
(0.08206 =") (473. 15 K) fuk: Ha 1 mol 1m? e 8) 
Ns EE E tue =) 
= 5bar 1 atm 18.02 g/ \1000 L 1kg 
m3 
= 0.437 — 


kg 


Departures from ideal gas behavior increase with increasing pressure and with decreasing 
temperature, since both of these lead to lower volume, and lower volume means more 
significant intermolecular interaction. 


2-15) A refrigeration process includes a compressor, as explained in detail in chapter 5, 
because it is necessary to change the boiling point of the refrigerant, which is done by 
controlling the pressure. Chapter 3 shows that the work required for compression is well 
approximated as equal to the change in enthalpy. Use Appendix F to find the change in 
specific enthalpy for each of the scenarios A-C: 


A) Freon 22 enters the compressor as saturated vapor at P=0.5 bar and exits the 
compressor at P=2 bar and T=20°C. 

B) Freon 22 enters the compressor as saturated vapor at P=2 bar and exits the 
compressor at P=8 bar and T=60°C. 

C) Freon 22 enters the compressor as saturated vapor at P=5 bar and exits the 
compressor at P=20 bar and T=80°C. 

D) In these three compressors, the inlet and outlet pressures varied considerably, but 
the “compression ratio” Pou/Pin was always 4. What do you notice about the 
changes in enthalpy for the three cases? 


Solution: 

A) AH = Aout — fin 

Freon 22, saturated vapor and 0.5 bar >383 = 
Freon 22, 2 bar and 20°C 3425 = 


425 8) _ 383) — 423 
kg kg kg 
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B) Freon 22, saturated vapor and 2 bar 33962 
Freon 22, 8 bar and 60°C 445 = 


445 8) _ 3906) — 493 
kg kg kg 


C) Freon 22, saturated vapor and 5 bar >405 = 
Freon 22, 20 bar and 80°C >445 = 


kJ kJ kJ 
445 — — 405 — = 40 — 
kg kg kg 


f . : . . PEE k 
D) The consistency in compression ratio (always 4) and consistency in AH (between 405 


k f : . . . 
and 50) leads us to believe that the compression ratio (Pou Pin) is a major factor 
influencing AH (for Freon 22 vapors). Indeed, in real compressors, the compression ratio 
is far more important than the absolute values of pressure in determining required work. 


But you might wonder, why does the temperature change in a compressor, and are the 
particular combinations of inlet and outlet temperatures and pressures used in this 
problem realistic? These issues will be explored in Chapter 4, when we begin to discuss 
reversible processes and efficiencies. 


2-16) The classic way to synthesize ammonia is through the gas phase chemical reaction: 
N2 F 3H2 —2 NH; 
This reaction is carried out at high pressures, most often using an iron catalyst. 


A. Use equation 2.32 and G from Appendix D to determine the change in molar 
enthalpy when nitrogen is compressed from 7=300 K and P=1 bar to T=700 K 
and P=200 bar. 

B. Repeat part A for hydrogen. 

C. What assumptions or approximations were made in steps A and B? Comment on 
how valid you think the approximations are. 


Solution: 

A) dH = CpdT 

C: 

Æ =A+BT+CT? + DT? + ET* 


Ch = (A+ BT + CT? + DT? + ET*)R 
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dH = R(A+ BT + CT? + DT? + ET*)dT 


out out 
Í dH = R | (A + BT + CT? + DT? + ET*)dT 
in in 


Tin = 300K 

Tout = 700K 

Name Formula | A Bx10° | Cx10° | Dx10® | Ex10™ 

Nitrogen | No 3.539 | -0.261 10.007 | 0.157 ~0.099 
kJ 


(Hout — Hin) = (8.314 ) {(.539)(700 — 300) 


kmol K 
1 1 

+ 3 (0.261 x 1073)(7002 — 3007) + 3 (0.007 x 10~°)(7002 — 300°) 
1 

+ 7 (0.157 x 107®)(700* — 300*) 


ş teo 099 x 10711)(7005 — 3005)} -= 11,880 
5 ` , kmol 


B) Set up analogous to part A. 


Name Formula | A Bx10° | Cx10° | Dx10® = | Ex10" 

Hydrogen | H2 2.883 | 3.681 —0.772 | 0.692 —0.213 
kJ 

(Hout — Hin) = (8.314 ai =) {(2.883)(700 — 300) 


1 1 
+ 5 (3.681 x 10-)(700? — 300?) + 3(—7.72 x 10-6)(700? — 300°) 


1 1 
+ 7 (6.92 x 107°)(700* — 3004) + = (~2.13 x 10717)(7005 — 300°)} 


= 11,698 kJ 
Ea kmol 


C) By using equation 2.32, we essentially assumed that the ideal gas model is valid. 
When you have an ideal gas, pressure has no effect on enthalpy, which means that we can 
apply a “constant pressure heat capacity” even in situations where the pressure is not 
constant. 


While the ideal gas model is very reasonable at 1 bar, the final pressure of 200 bar is 
much too high a pressure at which to assume the ideal gas model is valid. Indeed, at 700 
K and 200 bar, these compounds are not gases at all, they are supercritical fluids. 
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2-17) Liquid water enters a steady-state heat exchanger at P=10 bar and T=80°C, and 
exits as saturated water vapor at P=10 bar. 


A) Using the steam tables, find the change in specific enthalpy for this process. 

B) Using the approximation that Cp= 4.19 J/g-K for liquid water, find the change 
in enthalpy when liquid water is heated from 80°C to its boiling point at P = 
10 bar. 

C) How do the answers to parts A and B compare to each other? What is the 
reason for the difference between them? 


Solution: 
kJ 


A) Water at 10 bar and 80°C 2335.77 7 


Saturated vapor at 10 bar Sarr 


AH = fout -_ Hin 


kJ kJ kJ 
2777.11 — — 335.77 — = 2441. 34 — 
kg kg kg 


B) The boiling point of water at 10 bar, according to the steam tables, is 179.88°C, or 453 
K. Thus, the increase in temperature (AT) is almost exactly 100°C. 


J kJ 


J dT = 4.19 (453K — 353K) = 419 Ż = 419 — 
gk g 


AH = 4.19 — 
| gk 


353K 


C) There is a large difference between the answers to A and B. The value found through 
the steam tables is the change in specific enthalpy from 80°C liquid that has been heated 
to its boiling point (at 10 bar) and then converted to a vapor. This extra heat added to 
convert a liquid to a vapor is very significant. In part b), we ignored this step—the final 
state was liquid water at its boiling point (at 10 bar). 


We must always remember, the expression dH = CpdT, or dH = CpdT, is valid when a 
temperature change is the only thing occurring in a process—it does not account for 
changes in pressure or changes in phase. 
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2-18) One mole of ideal gas is confined in a piston-cylinder device, which is 1 foot in 
diameter. The piston can be assumed weightless and frictionless. The internal and 
external pressures are both initially 1 atm. An additional weight of 10 Ibm is placed on top 
of the piston, and the piston drops until the gas pressure balances the force pushing the 
piston downward. The temperature of the gas is maintained at a constant temperature of 
80°F throughout the process. 


A) What is the final pressure of the gas? 

B) What is the final volume of the gas? 

C) How much work was done on the gas during the process? 
Solution: 


Force 


A) Pressure = 
Area 


Pressuretotal = Pressureatm + Pressureweignt 


14.696 psi 


Ee ) = 14.696 psia 


Pressureatm = 1atm ( 


Force Mass x Gravity 


Pressure we; = — = 
weight Area (Diameter)? F 


ft 
_(10ba) (322 Z) 11b 1ft? ee 
— al ftIbm |\i44in?/ SPS 
(1ft) 32.2 
4 ” sec? 


Pressuretota) = 14.696 pisg + 0.088 pisg = 14.784 psia 


B) The Ideal Gas Constant we will use for this problem is 6.1324 (#1 


5 
80°F = (80 — 32) a 26.7°C = 26.7 + 273.15 = 299.8 K 


(1mol) G 1324 (STk A; k)) (299.8 K) 


V = —— = 


1ft? 3 
> T ——— |= 0.8636 ft 
(14. 784- =$) 


C) Wec = — f PdV 


Pressure is not constant throughout the process. We must express in terms of V. T, 
however, is constant. 
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p= nRT 
Vv 
ft Ibẹ 
i aer (moD (sa (85 k) (299.8K) ee ee 
TO ee aa, Cs aa qanin2| 
P (14. 696 Pr) 144in 
final final 
_ nRT _ 1 Veinal 
Wec = — — dV = —nRT zaV = —nRTIn 
Fae AP V A initial 
initial ma 
(1mol) | 6. 1324 (Sr a £) (299.8K) (1 oR j- 11.0 ft lb 
d "0.8688ft2) i 


2-19) Two moles of an ideal gas are confined in a piston-cylinder arrangement. Initially, 
the temperature is 300 K and the pressure is 1 bar. If the gas is compressed isothermally 
to 5 bar, how much work is done on the gas? 


Solution: 
Since pressure is not constant in this process, we must put it in terms of Volume 
The Ideal Gas constant we will use for this problem is 


0.08206 == (a) = 0.08315 — res 
as well as 8. 314—_ 
nRT 
V=—_ 
Wec = -| PdV 
final final 
z nRT le Vfinal 
Wee = — — dV = —nRT —dV = —nRT | In —— 
Pama V a V initial 
initial initial 
(2mol) (0. 08315 Ł Lor) (300K) 
Vinitial = ley = 49.89 L 
(2mol) (0.08315 = Lear) (300K) 
Vfina = = bar = 9.98 L 


—nRT (in zma) = —(2mol) (s. 314 —_) (300K) (nz 


initial 


49.89 -) = S08] 
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2-20) A gas is stored in an isochoric, refrigerated tank that has V = 5 m’. Initially, the gas 
inside the tank has T = 15°C and P = 5 bar, while the ambient surroundings are at 25°C 
and atmospheric pressure. The refrigeration system fails, and the gas inside the tank 
gradually warms to 25°C. 


A) Find the final pressure of the gas, assuming it is an ideal gas. 

B) Find the final pressure of the gas, assuming the gas is described by the van der 
Waals equation of state, with a = 8.0x 10°cm°bar/mol’ and b = 100 cm?/mol. 

C) For the cases in parts A and B, how much work was done by the gas on the 


surroundings? 
Solution: 
3 
In this problem, we will use the Ideal Gas Constant (0.08314 *2®Œ) (—"_) = 8.314 x 
_s m? bar 
10 molK 


A) 25°C = 298K 15°C = 288K 


PV =NRT 
T V 
P NR 


With N, R and V all constant: 
Tfinal _ Tinitial 
Pāna Pinitial 


Täna Piniti 298K)(5bar 
Pinel = final‘ initial = ( )( ) = 5 17bar 
Tinitial (288K) 


B) Find the molar volume of gas at the initial temperature and pressure, using the VDW 


equation: 
p= RT a 
a 
3 6 é 
-5 m? bar 6 cm°bar m 
Pon eo ae, (vy 
= mol 100 cm = 
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Solving this cubic equation for “V” yields three answers, only one of which is real. 
Therefore, 


m3 
V = 0.004544 — 
= mol 


Solving for N using known total volume: 


V=NV 


5 m? 
N = —————— = 1100. mol 
0.004544 2 
mol 


Since system is closed and isochoric, N, V and V are all constant. At final conditions: 


RT a 
5yo 
(eanan h)a (00x ot 2 (Goa) 
~7 5m \ (100cm3\/_ m \2_ 5m? V 
(ritmo) = ( mol ) (100 m (oroe) 
= 5.19 bar 


C) No work was done on the gas by the environment. Heat was added, but there was no 
expansion or contraction, and therefore no Wgc. 
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2-21) Biosphere II is an experimental structure that was designed to be an isolated 
ecological space, intended for conducting experiments on managed, self-contained 
ecosystems. Biosphere II (so named because the earth itself was regarded as the first 
“Biosphere’’) is covered by a rigid dome. One of the engineering challenges in designing 
Biosphere II stemmed from temperature fluctuations of the air inside the dome. To 
prevent this from resulting in pressure fluctuations that could rupture the dome, flexible 
diaphragms called “lungs” were built into the structure. These “lungs” expanded and 
contracted so that changes in air volume could be accommodated while pressure was 
maintained constant. 


For the purposes of this problem, assume that air is an ideal gas, with heat capacity equal 
to a weighted average of the ideal gas heat capacities of nitrogen and oxygen: 
Cp air = 0.79Cp nz + 0.21Cp 02 


In parts A and B, suppose the volume of air contained within the Biosphere II was 
125,000 m’, there were no lungs, and the pressure of the air was 1 atmosphere when the 
temperature was 70°F. 


A) What air pressure would occur at a temperature of 0°F? 
B) What air pressure would occur at a temperature of 105°F? 


For parts C-E assume the Biosphere II does have lungs, and that the total volume of air 
inside the dome is 125,000 m°? when the lungs are fully collapsed. 


C) If the lungs are designed to maintain a constant pressure of | atm at all 
temperatures between 0 and 105°F, what volume of air must the lungs hold when 
fully expanded? 

D) If the temperature inside the dome increases from 0°F to 105°F at a constant P=1 
atm, what change in internal energy does the air undergo? 

E) If the temperature inside the dome increases from 0°F to 105°F at a constant P=1 
atm, and the lungs are sized as calculated in part C, give your best estimate of the 
work done by the lungs on the surroundings. 


Solution: 

A) 70°F = (70 — 32) = 21.11 + 273.15 = 294.26 K 
5 

0°F = (0 — 32) 5 = —17.78 + 273.15 = 255.37 K 

PV=NRT 


Consider N is constant (closed system), V is constant (given), and R is constant (always 
true). So: 


Thinal _ Tinitial 


Prinal  Pinitial 
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TfinalPinitial _ (255.37K) (atm) 


= = 0.8678 atm 
Tinitial (294.26K) 


Penal = 


B) 105°F = (105 — 32) = 40.56 + 273.15 = 313.71 K 


TfinalPinitial _ (313.71 K)(atm) 


= = 1.0661 atm 
Tinitial (294.26 K) 


Prinal = 


C) Volume of Air in Lungs = Max Volume — Minimum Volume 


Minimum Volume = 125000m? 


nRTmax 


P 


Max Volume = 


n is unknown so find it from the known air volume at the minimum T: 


PV.. (1atm)(125000m3) (=r) 
ce — rr + = 5968481mol 


RT minimum (0.08206 =~) (255.37K) 


Latm 
(5968481mol) (0.08206 K 


am CR) 


) (313.71K) 


Max Volume = = 153573m? 


Volume of Air in Lungs = 153573m? — 125000m? = 28573m? 


D) Since this is being modeled an ideal gas, Internal Energy is dependent upon only 
temperature. 


C=C, 

Cvair = (0.79Cpn, + 0.21C,0,) — R 
max = max 

| dU = [ ((0.79Cpn, + 0.21Cpo,) — R) dT 
min min 
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